Myrosin cells, which accumulate myrosinase to produce toxic compounds when they are ruptured by herbivores, form specifically along leaf veins in Arabidopsis thaliana. However, the mechanism underlying this pattern formation is unknown. Here, we show that myrosin cell development requires the endocytosis-mediated polar localization of the auxin-efflux carrier PIN1 in leaf primordia. Defects in the endocytic/vacuolar SNAREs (syp22 and syp22 vti11) enhanced myrosin cell development. The syp22 phenotype was rescued by expressing SYP22 under the control of the PIN1 promoter. Additionally, myrosin cell development was enhanced either by lacking the activator of endocytic/vacuolar RAB5 GTPase (VPS9A) or by PIN1 promoterdriven expression of a dominant-negative form of RAB5 GTPase (ARA7). By contrast, myrosin cell development was not affected by deficiencies of vacuolar trafficking factors, including the vacuolar sorting receptor VSR1 and the retromer components VPS29 and VPS35, suggesting that endocytic pathway rather than vacuolar trafficking pathway is important for myrosin cell development. The phosphomimic PIN1 variant (PIN1-Asp), which is unable to be polarized, caused myrosin cells to form not only along leaf vein but also in the intervein leaf area. We propose that Brassicales plants might arrange myrosin cells near vascular cells in order to protect the flux of nutrients and water via polar PIN1 localization.
INTRODUCTION
Plants have evolved various strategies to defend against herbivores, including the production and release of toxic compounds. The myrosinase-glucosinolate defense system is characteristic of plants of the Brassicaceae and certain other angiosperm families. Myrosin cells in leaves of these plants contain large amounts of myrosinase (thioglucoside glucohydrolase [TGG] ) in their vacuoles (Rask et al., 2000; Andréasson et al., 2001; Husebye et al., 2002; Ueda et al., 2006) . Glucosinolates substrates are distributed at the periphery of leaves and along veins (Koroleva et al., 2000; Shroff et al., 2008) . When herbivores damage tissues and rupture myrosin cells, myrosinase gains access to glucosinolates and hydrolyzes them to produce toxic compounds (Rask et al., 2000; Wittstock and Halkier, 2002; Grubb and Abel, 2006; Halkier and Gershenzon, 2006; Hopkins et al., 2009; Kissen et al., 2009 ). Myrosin cells develop specifically along veins (Bones et al., 1991; Höglund et al., 1991; Xue et al., 1995; Andréasson et al., 2001; Husebye et al., 2002; Thangstad et al., 2004; Barth and Jander, 2006; Ueda et al., 2006 ) (Supplemental Figure 1) . Recently, we identified the basic helix-loop-helix transcription factor FAMA as a master regulator of myrosin cell development in Arabidopsis thaliana (Shirakawa et al., 2014b) . Prior to the expression of TGG2, FAMA is expressed in a subset of ground meristem cells that lack overt signs of myrosin-lineage differentiation (Shirakawa et al., 2014b) .
How is the pattern of myrosin cells established? Previously, we reported that SYNTAXIN OF PLANTS22 (SYP22; also known as VAM3/SGR3) is involved in the patterning of myrosin cells . syp22 mutants have higher numbers of myrosin cells, resulting in an extensive network structure of these cells . Consequently, the myrosinases TGG1 and TGG2 accumulate at higher levels in the rosette leaves, flowers, siliques, and flower stalks of syp22 than in those of wild-type plants . The myrosin cell phenotypes (high accumulation levels of TGG1) of the syp22 mutant were enhanced further in multiple mutants between SYP22 and their homologous genes SYP21/PEP12 and SYP23/PLP (Shirakawa et al., 2010) . SYP22 is a component of the SNARE (soluble N-ethylmaleimide-sensitive factor attachment protein receptor) complex, which is made up of SYP22 (Qa-SNARE), VTI11 (Qb-SNARE), SYP5 (Qc-SNARE), and VAMP727 (R-SNARE) (Sanderfoot et al., 2001; Yano et al., 2003; Ebine et al., 2008) . SYP22 localizes to both the prevacuolar compartment/ late endosome/multivesicular body and to the vacuolar membrane (Sanderfoot et al., 1999; Uemura et al., 2004; Ebine et al., 2008) . It is involved in vacuolar morphogenesis (Ebine et al., 2008) , vacuolar trafficking (Ebine et al., 2008; Shirakawa et al., 2010) , and endocytosis (Ebine et al., 2011) . However, it is unclear where and when these functions of SYP22 are required for the development of myrosin cells.
Members of the PIN-FORMED (PIN) protein family are auxinefflux carriers. Their polar localization results in directional auxin flow and mediates various aspects of plant growth and development (Gälweiler et al., 1998; Paponov et al., 2005; Petrásek et al., 2006; Wisniewska et al., 2006; Grunewald and Friml, 2010; Löfke et al., 2013) . Although PIN2 proteins are initially transported to the plasma membrane in a nonpolar manner, they show a polarized localization pattern after subsequent endocytosis (Men et al., 2008) . Endocytic pathways are required for the establishment and/or maintenance of the polar localization of PIN proteins to the plasma membrane (Goh et al., 2007; Men et al., 2008; Spitzer et al., 2009; Kitakura et al., 2011; Inoue et al., 2013; Ischebeck et al., 2013; Tejos et al., 2014) . PIN proteins showed a nonpolarized localization pattern on the plasma membrane in a mutant with a defective VPS9A (RAB5-GEF), a guanine-nucleotide exchange factor that activates small GTPases in the Rab5 subfamily (ARA7/RABF2B and RHA1/ RABF2A) (Goh et al., 2007; Inoue et al., 2013) . In addition to their involvement in endocytic pathways (Beck et al., 2012; Irani et al., 2012) , RAB5 GTPases and VPS9A are required for vacuolar trafficking pathways (Sohn et al., 2003; Kotzer et al., 2004; Ebine et al., 2011) . Nonpolar localization of PIN1 has also been observed in the leaves of the syp22-4 mutant (Shirakawa et al., 2009) .
In this study, we show that the polarized localization of PIN1 is required for proper development of the myrosin cell. The trafficking pathway mediated by SYP22, conventional-type RAB5s, and RAB5-GEF plays an important role in establishment of this PIN1 polarity. Our findings suggest that the myrosin cell fates are influenced by auxin flow and/or concentration through the PIN1 polarity. We propose that plants arrange defense cells near vascular cells to protect the essential flux of nutrients and water by regulating the polar localization of PIN1.
RESULTS

Leaf Primordia of syp22 Exhibit Increased Number of Ground Meristem Cells that Express FAMA, a Master Regulator for Myrosin Cell Development
We examined the expression of FAMA in the syp22-4 mutant. Quantitative RT-PCR analysis revealed that the transcript level of FAMA was three to seven times higher in syp22-4 than in wild-type plants ( Figure 1A ). Compared with ProFAMA:GUS (b-glucuronidase) lines in the wild-type background, syp22-4 ProFAMA:GUS transgenic plants showed a broader GUS-positive area in inner tissues of leaf primordia ( Figure 1B ), suggesting that more ground meristem cells expressed FAMA in leaf primordia of syp22-4 than in those of the wild type.
To analyze the genetic interaction between SYP22 and FAMA, we generated syp22-4 fama-1 double mutants harboring the myrosin-cell-specific reporter, MYR001:GUS, which shows the same expression pattern as ProTGG2:VENUS-2sc (Shirakawa et al., 2014a) . The plant morphologies of syp22-4 fama-1 were indistinguishable from those of fama-1 (Supplemental Figure 2) . Like the leaves of fama-1, syp22-4 fama-1 leaves had no GUSpositive cells ( Figure 1C ). Also, TGG1 transcript and TGG1 protein were undetectable in syp22-4 fama-1 and in fama-1 (Figures 1D and 1E ). These results indicate that FAMA is genetically epistatic to SYP22 in myrosin cell development. Collectively, these results suggest that SYP22 is involved in the cell fate determination process that selects myrosin-lineage cells (i.e., FAMA-positive cells) from the pool of ground meristem cells.
syp-22 Leaves Show a Dramatic Increase in the Number of Mature Myrosin Cells
To identify when myrosin cells are generated during leaf development, we examined the time course of myrosin cell development in leaf primordia of the first pair of true leaves using the mature myrosin cell-specific reporter ProTGG2:VENUS-2sc. VENUS-2sc localizes to the endoplasmic reticulum and vacuole (Shirakawa et al., 2014a) , and the TGG2 promoter, which is specific for myrosin cells (Barth and Jander, 2006) , is activated after the expression of FAMA (Shirakawa et al., 2014b) . In wildtype leaves, one reporter-positive cell was first detected at 3 d after germination (DAG) (Figure 2A ). In syp22-4 leaves, there were already three myrosin cells at 3 DAG (Figure 2A ). At 6 DAG, the pattern of myrosin cell development was nearly the same in mature leaves of the wild type and syp22-4 (Figures 2A and 2D ; Supplemental Figure 3 ). We counted the number of cells expressing ProTGG2:VENUS-2sc from 3 to 5 DAG and found at least 4 times more myrosin cells in syp22-4 leaves than in wildtype leaves ( Figure 2B ). This result was consistent with the expression level and pattern of FAMA expression in leaf primordia ( Figures 1A and 1B ). Our observations suggest that a vast increase in the number of mature myrosin cells in syp22-4 is already in progress at 3 DAG and that this results from a greater number of ground meristem cells expressing FAMA.
Knockout of VTI11 in syp22 Enhances Myrosin Cell Developmental Phenotype
To investigate the function of SYP22 in the context of the SNARE complex during myrosin cell development, we examined the effect of a defect in VTI11, a Qb-SNARE that interacts with SYP22 ( Figure 3A ) (Sanderfoot et al., 2001; Yano et al., 2003; Ebine et al., 2008) . In the vti11 single mutant, TGG1 accumulated to slightly higher levels than that in the wild type ( Figure  2C ). However, the introduction of a heterozygous mutation in VTI11 in the syp22-4 background (syp22-4 vti11/+) dramatically increased TGG1 accumulation ( Figure 2C ), despite the fact that vti11 is a recessive mutation. The syp22-4 vti11 double mutant was not viable (Shirakawa et al., 2009 ). Heterozygous and homozygous mutations in VTI11 in the syp22-3 background (syp22-3 is a weak allele of syp22; Ueda et al., 2006 ) also increased TGG1 accumulation ( Figure 2C ). Introduction of a heterozygous mutation of VTI12, a homolog of VTI11, in the vti11 background (vti11 vti12/+) dramatically increased TGG1 accumulation, even though vti12 is a recessive mutation (Supplemental Figure 4A) , further supporting the involvement of VTI11 in myrosin cell development.
Next, we monitored the abnormal development of myrosin cells using the myrosin-cell-specific reporter MYR001:GUS. In syp22-4 vti11/+, GUS-positive cells formed a much denser network than that observed in syp22-4 ( Figure 2D ). Analyses of leaf cross sections showed that GUS-positive cells formed a band near the center of syp22-4 and syp22-4 vti11/+ leaves (Supplemental Figure 5A ). This band was absent from leaves of the wild type (Supplemental Figure 5A ). The band of myrosin cells was broader in syp22-4 vti11/+ than in syp22-4 (Supplemental Figure 5A ). Magnified images showed that the abaxial side of vascular bundles in syp22-4 and syp22-4 vti11/+ plants was covered with a GUS-positive band continuing to the right and left ( Figure 2E ; Supplemental Figure 5B ). Occasionally, a single GUS-positive cell was surrounded by mesophyll cells in syp22-4 vti11/+ plants (Supplemental Figure 5B) . As well as the increased number of myrosin cells, syp22-4 vti11/+ showed abnormal vascular bundles. In particular, we did not observe the ordered vascular cell layer composed of xylem, procambium, and phloem ( Figure 2E ; Supplemental Figure 5B ).
By contrast, mutants of other endocytic/vacuolar SNAREs, such as SYP21 and SYP23, exhibited no genetic interaction with vti11 (Supplemental Figure 4B) , indicating a specific and close functional relationship between SYP22 and VTI11. Taken together, these results suggest that mutations in syp22 and vti11 act synergistically and that the SNARE complex containing (A) Fluorescence images of myrosin cells in leaf primordia of wild-type (WT) and syp22-4 plants expressing ProTGG2:VENUS-2sc at 3, 4, and 6 DAG (top to bottom). Arrowheads indicate myrosin cells. The white outline shows the approximate border of the leaf. The small illustrations (right) depict the provascular pattern in first pair of true leaves at indicated DAG. Bars = 20 mm (top panels), 50 mm (middle panels), and 200 mm (bottom panels) (B) Comparison of myrosin cell numbers in wild-type versus syp22-4 leaves. Cells were counted at 3, 4, and 5 DAG (WT, 3 DAG, n = 15; WT, 4 DAG, n = 23; WT, 5 DAG, n = 10; syp22-4, 3 DAG, n = 10; syp22-4, 4 DAG, n = 10; syp22-4, 5 DAG, n = 10). Figure 3A ) (Ebine et al., 2008 (Ebine et al., , 2011 Shirakawa et al., 2010) . To determine which pathway is predominantly involved in the development of myrosin cells, we examined myrosin cell development in a variety of vacuolar-trafficking mutants that we isolated previously. These included vsr1 (Shimada et al., 2003) , mag1 , mag2 , vps35 (Yamazaki et al., 2008) , and gfs10 (Fuji et al., 2007) . None of these vacuolar-trafficking mutants showed abnormal TGG1 accumulation in their leaves (Supplemental Figure 6A ), although some showed growth defects similar to those of the syp22 mutant (Supplemental Figure 6B ). Compared with other mutants, vps9a-2 plants accumulated a higher level of TGG1 ( Figure 3B ) and had more myrosin cells that formed an abnormal network similar to that in the syp22 mutant (Supplemental Figure 7A ). VPS9A activates the RAB5 GTPases ARA7 and RHA1, which function in both vacuolar trafficking and endocytosis ( Figure 3A ) (Goh et al., 2007; Ebine et al., 2011; Beck et al., 2012; Irani et al., 2012; Singh et al., 2014) . The levels of TGG1 in ara7 and rha1 single mutants were indistinguishable from those in wild-type plants ( Figure 3C ), possibly reflecting functional redundancy between ARA7 and RHA1. This is consistent with the fact that pollen carrying either ara7 or rha1 single mutations was fertile, but pollen carrying the ara7 rha1 double mutant was infertile (Ebine et al., 2011) . Therefore, we generated transgenic plants expressing a GDPfixed (S24N) dominant-negative form of ARA7 (ARA7-DN) under the control of the constitutive 35S promoter. Like vps9a-2 plants, ARA7-DN plants accumulated a high level of TGG1 ( Figure 3D ). ARA7-DN expression was previously reported to affect endocytosis (Beck et al., 2012; Irani et al., 2012) . We found that FM4-64, a lipophilic dye that labels membranes, was not internalized as quickly in the syp22 vti11/+ mutant as in wild-type plants (Supplemental Figure 7B) , suggesting that endocytosis is impaired or delayed in syp22 vti11/+ plants. Taken together, our results suggest that abnormal myrosin cell development might be triggered by a defect in endocytosis.
Finally, we analyzed the genetic interactions between SYP22 and RAB5 GTPases and their effects on myrosin cell development. Mutations in ARA7 and RHA1 in the syp22-1 background (syp22-1 is a weak allele of syp22; Ohtomo et al., 2005) increased the TGG1 level ( Figure 3C ). These results indicate that mutations in SYP22 and RAB5 interact synergistically in the same genetic pathway, and disrupt the proper development of myrosin cells.
Expression of ARA7-DN in Leaf Primordia Increases the Number of Myrosin Cells
SYP22 and VPS9A are required for embryonic development (Goh et al., 2007; Shirakawa et al., 2010) . To exclude the possibility that abnormal myrosin cell development results from embryonic defects during postembryonic development, we generated transgenic plants harboring the ARA7-DN gene under the control of the estrogen-inducible promoter (ProEstro:ARA7-DN). At 10 DAG, transgenic plants grown under normal conditions were (A) Model of post-Golgi trafficking pathway in plants. Qa-SNARE SYP22 interacts with Qb-SNARE VTI11. The SYP22-VTI11 SNARE complex is localized at both the prevacuolar compartment/multivesicular body (PVC/MVB) and the vacuole. VPS9A, a guanine-nucleotide exchange factor of the Rab5 subfamily, interacts with the Rab5s ARA7 and RHA1, which localize at the PVC/MVB. The AP-2 complex consists of four subunits: the a-, b-, m-, and s-subunits. AP-2 complex localizes at the plasma membrane (PM). In addition to these factors, trans-Golgi network (TGN)-localized COV1 protein is also required for the proper development of myrosin cells. Arrows indicate the endocytic pathway. transplanted onto induction medium containing 10 mM estrogen and incubated for an additional 2 weeks ( Figure 4A ). The leaf primordia of the estrogen-treated plants developed abnormally (Supplemental Figure 8A ) and had a stunted and wavy morphology similar to that of syp22-4 leaves ( Figure 4B ). Compared with untreated leaves, the estrogen-treated leaves had more myrosin cells that formed a denser network pattern ( Figure 4C ; Supplemental Figure 8B ) and accumulated higher levels of TGG1 ( Figure 4D) . Interestingly, the estrogen-treated plants had GUS-positive root cells, similar to those observed in FAMAoverexpressing plants (Supplemental Figure 8C) (Shirakawa et al., 2014b) . These results suggest that ARA7 in leaf primordia is crucial for the proper development of myrosin cells.
Proper Development of Myrosin Cells Requires Endocytic/ Vacuolar Trafficking Pathway in PIN1-Expressing Cells
To investigate why the deficiency of SYP22 caused abnormal development of myrosin cells, we monitored the pattern of SYP22 expression in leaf primordia. In transgenic plants expressing both ProPIN1:PIN1-mGFP4 and ProSYP22:mRFP-SYP22, SYP22 was expressed throughout the leaf primordia and at particularly high levels in some cells ( Figure 5A ). The expression of PIN1 in leaf primordia was reported to be gradually restricted (Scarpella et al., 2006; Wenzel et al., 2007) . In the merged mGFP4 and mRFP images, cells with a high expression level of SYP22 largely overlapped with those specifically expressing PIN1 (Figure 5A ), suggesting that SYP22 plays a significant role in PIN1-expressing cells. To investigate this hypothesis, we expressed SYP22 in the syp22-4 background under the control of the 4-kb PIN1 promoter. This region of the PIN1 promoter was shown to be sufficient to complement the pin1 phenotype . The transgenic plants expressing ProPIN1:SYP22 exhibited marked attenuation of syp22-4 phenotypes, such as stunted and wavy leaves and dwarfism ( Figure 5B ). Myrosin cell development was indistinguishable between leaves of syp22-4 ProPIN1:SYP22 ( Figure 5C ) and those of the wild type ( Figure 2D ). Furthermore, the amount of TGG1 in syp22-4 (A) Experimental design of estrogen application. Ten-day-old plants were transplanted onto induction medium with or without 10 mM estrogen and incubated for an additional 2 weeks. (B) The seventh rosette leaves of wild-type (WT), syp22-4, and transgenic plants expressing ARA7-DN under the control of the estrogen-inducible promoter (ProEstro:ARA7-DN). ProEstro:ARA7-DN leaves have a stunted and wavy morphology, similar to that of syp22-4 leaves. Two independent transgenic lines were examined. Bar = 1 cm. (C) GUS staining of a MYR001:GUS leaf expressing ProEstro:ARA7-DN. Ten-day-old plants were transplanted onto induction medium containing 10 mM estrogen and incubated for 2 weeks. The boxed area is enlarged in the panel on the right. Bars = 1 mm (top panels) and 100 mm (bottom panels). (D) Accumulation levels of TGG1 in leaves of ProEstro:ARA7-DN transgenic plants with or without 10 mM estrogen. Two independent transgenic lines expressing ProEstro:ARA7-DN were grown with (+) or without (2) 10 mM estrogen, and rosette leaves were immunoblotted with anti-TGG1 antibody.
ProPIN1:SYP22 decreased to the same level as that in wild-type plants ( Figure 5D ). We also expressed ARA7-DN in the wild-type background under the control of the same PIN1 promoter. The ProPIN1:ARA7-DN transgenic plants accumulated high levels of TGG1 ( Figure 5E ). These results suggest that SYP22 and ARA7 play crucial role(s) in PIN1-expressing cells for the proper development of myrosin cells.
Disruption of PIN1 Polarity Triggers Abnormal Development of Myrosin Cells
PIN1 is localized to the plasma membrane in a polarized manner; however, PIN1 polarization is impaired in the abaxial epidermis and procambium of syp22-4 leaves (Shirakawa et al., 2009) . To determine the effects of disruption of PIN1 polarity on myrosin cell development, we investigated myrosin cell development in transgenic plants expressing a phosphomimic PIN1 fused to GFP under the control of the native PIN1 promoter (PIN1-Asp) in the MYR001:GUS background. PIN1-Asp has a dominant effect on endogenous PIN1 and a portion of cells expressing PIN1-Asp has apolar localization of PIN1-Asp to the plasma membrane in roots (Zhang et al., 2010) . In wild-type leaf primordia, the polarity of PIN1 dynamically changes in cell-typespecific and time-dependent manner, but PIN1 polarity is achieved in leaf margin cells (Scarpella et al., 2006; Wenzel et al., 2007) . We found that PIN1-Asp had defects in polar localization at the plasma membrane in the subset of leaf margin cells of primordia ( Figure  6A ). Interestingly, transgenic plants expressing PIN1-Asp accumulated more TGG1 than did control plants expressing PIN1-WT ( Figure 6B ). Accordingly, compared with PIN1-WT leaves, PIN1-Asp leaves had more myrosin cells that developed not only along the veins but also between veins ( Figure 6C ). This abnormal distribution pattern of myrosin cells was similar to those observed in the syp22-4 and vps9a-2 mutants, although these phenotypes in PIN1-Asp were weaker than those in the syp22-4 and vps9a-2 (Figure 2; Supplemental Figure 7) . Collectively, our results suggest that the polarized localization of PIN1 is required for proper development of myrosin cells.
DISCUSSION Myrosin Cells Require the Endocytic Pathway for Proper Development
Although membrane trafficking has been suggested to mediate the proper development of myrosin cells Shirakawa et al., 2010 Shirakawa et al., , 2014a , the exact trafficking pathways that are required for myrosin cell development remain unknown. The results of this study show that SYP22, VTI11, ARA7, RHA1, and VPS9A affect myrosin cell development. The results of this and other studies show that mutations in these genes lead to trafficking defects in both endocytic ( Figure 3A ) (Ebine et al., 2011; Beck et al., 2012; Irani et al., 2012) and vacuolar trafficking pathways ( Figure 3A ) (Sohn et al., 2003; Ebine et al., 2008 Ebine et al., , 2011 Kotzer et al., 2004; Shirakawa et al., 2010) . However, several vacuolar trafficking mutants that we characterized previously did not show abnormal development of myrosin cells (Supplemental Figure 6A ), although we cannot completely exclude the possibility that vacuolar trafficking plays a minor role in myrosin cell development. Mutations in a plant-specific RAB5 (ARA6/RABF1) suppressed both the delayed endocytosis of a boron transporter and the high level expression of TGG1 in syp22-1 but did not suppress vacuolar trafficking defects of 12S globulin in syp22-1 rha1 (Ueda et al., 2001; Ebine et al., 2011) . Taken together, these results suggest that endocytic pathways specifically play a primary role in the development of myrosin cells.
Next, we examined the role of endocytosis in myrosin cell development. Our results show that myrosin cell development requires membrane trafficking in leaf primordia, where the pattern of SYP22 expression largely overlapped with that of PIN1 ( Figure 5A ). PIN proteins are initially transported to the plasma membrane uniformly, and their polar localization is established after subsequent endocytosis (Men et al., 2008) . Therefore, PIN1 is a possible target of the endocytic pathway mediated by SYP22 and RAB5 GTPases. Consistent with this prediction, nonpolar localization of PIN1 to the plasma membrane has been reported in syp22 and vps9a mutants (Goh et al., 2007; Shirakawa et al., 2009) . Our data show that SYP22 and RAB5 GTPases are required for myrosin cell development in PIN1-expressing cells ( Figure 5 ). PIN1-Asp partially lost a polarized localization in leaf margin cells and the expression of PIN1-Asp abnormally enhanced development of myrosin cells (Figure 6 ), suggesting that PIN1 polarity is important for proper development of myrosin cells. However, vps29, which shows a markedly decreased level of PIN1 but normal PIN1 localization (Jaillais et al., 2007; KleineVehn et al., 2008) , accumulated a similar amount of TGG1 as the wild type (Supplemental Figure 6A) . These results suggest that the level of PIN1 protein is not a critical factor for myrosin cell development. Taken together, these results indicate that the endocytosis-dependent establishment of PIN1 polarity is required for myrosin cell development in leaf primordia of Arabidopsis. Apolar localization of PIN1 in a part of leaf margin cells of leaf primordia may cause defects in the formation of convergence points of auxin flow in leaf primordial, resulting in a reduction of the amount of auxin in internal tissues of leaf primordia. This hypothesis is supported by the result that exogenous auxin treatment rescued the high accumulation level of TGG1 in syp22 (Supplemental Figure 9A) . These results also suggest that auxin accumulation and/or flux levels regulate myrosin cell development. Recently, the activation of an auxin response reporter, ProDR5rev:3XVENUS-N7, was transiently observed in the developing myrosin cells, but not in ground meristem cells (Li and Sack, 2014) . This result implies that the polar PIN-dependent transient accumulation of auxin regulates determination of ground meristem cells into myrosin lineage cells through auxin influx from neighboring cells and/or efflux from developing myrosin cells. Local manipulation at the single-cell level (Dubrovsky et al., 2008; Benková et al., 2009 ) will demonstrate the role of auxin and PIN proteins in myrosin cell specification and differentiation.
Recently, the AP-2 complex has been extensively characterized in Arabidopsis (Bashline et al., 2013; Di Rubbo et al., 2013; Fan et al., 2013; Kim et al., 2013; Yamaoka et al., 2013) . The AP-2 complex is evolutionarily conserved among eukaryotes and plays a major role in clathrin-mediated endocytosis (McMahon and Boucrot, 2011) . We found that the mutant of the m-subunit of the AP-2 complex accumulated high levels of TGG1 (Supplemental Figure 9B ), suggesting that endocytosis is important for the myrosin cell development. The s-subunit of the AP-2 complex is required for polar localization of PIN1 (Fan et al., 2013) . During endocytic uptake of cargo proteins, the AP-2 complex recognizes a tyrosine motif in the cytoplasmic tails of proteins. This tyrosine motif is also present in PIN1 (Mravec et al., 2009 ); therefore, it is possible that AP-2 regulates the endocytosis of PIN1 by interacting with the tyrosine motif of PIN1.
Relationship between Myrosin Cell Development and Vascular Cell Development
Recently, we showed that myrosin cell differentiation from ground meristem cells is regulated by the master transcription factor FAMA (Shirakawa et al., 2014b) . Vascular precursor cells (preprocambium/procambium) are also derived from ground meristem cells (Kang and Dengler, 2004; Scarpella et al., 2004) . These two cell lineages arise independently from ground meristem cells because both ProFAMA:GUS and ProAtHB8:GUS (AtHB8 is a master transcription factor of vascular precursor cells) were expressed simultaneously, but with different spatial patterns, in a subset of ground meristem cells (Baima et al., 1995 (Baima et al., , 2001 Kang and Dengler, 2004; Scarpella et al., 2004; Li and Sack, 2014; Shirakawa et al., 2014b) . Arabidopsis HB8 expression in ground meristem cells is determined by auxin (Mattsson et al., 2003; Donner et al., 2009; Ohashi-Ito and Fukuda, 2010; Krogan et al., 2012) .
Compared with mature leaves of the wild type, mature leaves of syp22-4 and ProEstro:ARA7-DN formed more myrosin cells (Figures 2 and 4) and showed a simpler vascular pattern (Supplemental Figures 8D and 10A) (Shirakawa et al., 2009) . Consistent with this, syp22-4 leaf primordia contained more cells expressing FAMA than did wild-type leaf primordia ( Figure 1B) . Also, there was a simpler expression pattern of the preprocambium/procambium reporter ProAtHB8:GUS in syp22-4 leaf primordia than in wild-type leaf primordia (Supplemental Figure 10B) . These results suggest that vascular development and myrosin cell development might be closely related to each other. In the syp22 mutants and ProEstro:ARA7-DN transgenic plants, the ground meristem cells that should have differentiated into vascular cells might differentiate into myrosin cells. Our results show that the polar localization of PIN1 is important for the patterning of myrosin cells. The polarity of PIN1 has also been shown to play an important role in vascular development (Scarpella et al., 2006; Wenzel et al., 2007) . Consistent with this idea, the expression of SYP22 in PIN1-expressing cells in syp22-4 rescued the phenotypes of myrosin cells ( Figure 5 ) and vascular cells (Supplemental Figure 10C) . However, not all of the mutant and transgenic plants with defective myrosin cell development showed vascular defects (Supplemental Table 1 and Supplemental Figures 10D and 10E) . Myrosin cell phenotypes appeared to be more sensitive than vascular phenotypes to defects in the endocytic/vacuolar trafficking pathway because only the mutants with severe myrosin cell phenotypes showed vascular defects (Supplemental Table 1 ).
Recently, live imaging revealed that cells in PIN1 expression domains differentiate into vascular and nonvascular cells in leaf primordia (Marcos and Berleth, 2014) . These nonvascular cells subsequently downregulate PIN1 expression and maintain ground meristem cell morphology (isodiametric shape) (Marcos and Berleth, 2014) . These ground meristem cells might subsequently differentiate into myrosin cells. To clarify the spatiotemporal dynamics between the polarity of PIN1 and the development of myrosin cells and vascular cells, high-resolution live-cell fluorescence imaging of transgenic plants expressing PIN1 reporter, vascular cell precursor marker, and the myrosin cell precursors marker is required hereafter. Although syp22-4 exhibited wavy leaves, vps9a-2 did not. Therefore, leaf morphologies are not necessarily correlated with myrosin cell development.
Concluding Remarks
Myrosin cells function in plant defense against herbivores. They accumulate large quantities of myrosinases (TGGs), which produce toxic compounds that protect against insects and pathogens (Rask et al., 2000; Wittstock and Halkier, 2002; Grubb and Abel, 2006; Halkier and Gershenzon, 2006; Hopkins et al., 2009; Kissen et al., 2009) . Myrosin cells are distributed close to leaf vascular networks in Arabidopsis (Xue et al., 1995; Andréasson et al., 2001; Husebye et al., 2002; Thangstad et al., 2004; Barth and Jander, 2006; Ueda et al., 2006) , Brassica napus (Bones et al., 1991; Höglund et al., 1991; Andréasson et al., 2001) , Cardamine schinziana, and Nasturtium officinale (Supplemental Figure 1) . Myrosin cells might specifically localize near vascular cells via the polar localization of PIN1 and auxin concentrations, resulting in the expression of FAMA in a subset of ground meristem cells. This arrangement could effectively protect the plant transport system, which is essential for plant survival. Future work will be directed toward identifying the regulators that directly connect the PIN1-auxin module with the transcriptional heterodimer, FAMA-ICE1.
METHODS Plant Materials and Growth Conditions
Arabidopsis thaliana, ecotype Columbia, was used as the wild-type plant. syp22-1 (Ohtomo et al., 2005) , syp23 (Ohtomo et al., 2005) , syp22-3 ), syp22-4 (Ohtomo et al., 2005 , syp21 syp23 (Shirakawa et al., 2010) , syp22-3 vti11/+ (Shirakawa et al., 2009 ), syp22-3 vti11 (Shirakawa et al., 2009 ), syp22-4 vti11/+ (Shirakawa et al., 2009 ), vsr1-2 (Shimada et al., 2003 , mag1-1 , mag1-2 , mag2-1 ), mag2-3 (Li et al., 2006 , vps35 b-1c-1 (Yamazaki et al., 2008) , vps35 a-1b-2c-1 (Yamazaki et al., 2008) , gfs10-1 (Fuji et al., 2007) , gfs10-2 (Fuji et al., 2007) , GFP-CT24 (Fuji et al., 2007) , ap2m (Yamaoka et al., 2013) , ap2m AP2-GFPg (Yamaoka et al., 2013) , MYR001: GUS (Shirakawa et al., 2014a) , ProTGG2:VENUS-2sc (Shirakawa et al., 2014a) , ProPIN1:PIN1-mGFP4 ProSYP22:mRFP-SYP22 (Shirakawa et al., 2009) , ProFAMA:GUS (Shirakawa et al., 2014b) , and fama-1 (Shirakawa et al., 2014b) were previously reported. vti11 syp21 syp23, syp22-4 MYR001:GUS, syp22-4 vti11/+ MYR001:GUS, syp22-4 fama-1 MYR001:GUS, syp22-4 ProFAMA:GUS, syp22-4 ProTGG2:VENUS-2sc, syp22-4 ProAtHB8:GUS, and syp22-4 ProSUC2:GFP were generated in this study. vti11 (Kato et al., 2002) and syp21 (Shirakawa et al., 2010; Uemura et al., 2010) were gifts from M.T. Morita (Nagoya University, Japan). PIN1-WT, PIN1-Asp (Zhang et al., 2010) , and ProPIN1:PIN1-mGFP4 (Benková et al., 2003) were provided by J. Friml (Institute of Science and Technology Austria, Austria). vps9a-2 (Goh et al., 2007) was provided by A. Nakano (University of Tokyo, Japan). ara7 (Ebine et al., 2011) , rha1 (Ebine et al., 2011) , syp22-1 ara7 (Ebine et al., 2011) , syp22-1 rha1 (Ebine et al., 2011) , and ProSYP22:mRFP-SYP22 (Ebine et al., 2008) were provided by T. Ueda (University of Tokyo, Japan). vti11 vti12/+ (Surpin et al., 2003) was a gift from N. Raikhel (University of California, Riverside). ProAtHB8:GUS (Kang and Dengler, 2002) was provided by N. G. Dengler (University of Toronto). ProSUC2:GFP (Imlau et al., 1999) was provided by N. Sauer (Universitat Erlangen-Nurnberg). Seeds were surface-sterilized with 70% ethanol and then sown onto 0.5% (w/v) Gellan Gum medium (Wako) that contained 1% (w/v) sucrose and Murashige and Skoog medium (Wako). The seeds were incubated at 4°C for 3 to 5 d to break dormancy, followed by growth at 22°C for up to 20 d under continuous light (100 mmol s 21 m 22 ). The plants were transferred to vermiculite for subsequent growth.
Generation of Multiple Mutants
We crossed a homozygote for vti11 with a homozygote for syp22-3, syp22-4, and syp21 syp23. Multiple mutants were identified by genotyping F2 progeny. We crossed a homozygote for syp22-4 with a homozygote for ProAtHB8:GUS and ProSUC2:GFP. We crossed a homozygote for syp22-4 MYR001:GUS with a heterozygous for fama-1.Transgenic lines were identified by genotyping F2 progeny. Genotyping was performed as described previously Shirakawa et al., 2009 Shirakawa et al., , 2010 Shirakawa et al., , 2014b .
Plasmid Construction and Transgenic Plants
The Gateway cloning system (Invitrogen) was used to construct ARA7-DN, ProEstro:ARA7-DN, ProPIN1:SYP22, and ProPIN1:ARA7-DN. The TOPO reaction was employed to clone ARA7 coding sequence into pENTR D-TOPO. To generate pENTR D-TOPO ARA7-DN (a dominant-negative form of ARA7), a S24N substitution was introduced into pENTR D-TOPO ARA7 by site-directed mutagenesis. Next, pENTR D-TOPO Ara7-DN was introduced into binary vectors pB2GW7 and pMDC7 (Curtis and Grossniklaus, 2003) using LR reactions to generate ARA7-DN and ProEstro:ARA7-DN, respectively. The 4-kb promoter region of PIN1 was cloned into pENTR D-TOPO using the TOPO reaction. An In-Fusion HD Cloning Kit (Takara Bio) was used to introduce each of the following DNA sequences into the AscI site of the pENTR D-TOPO PIN1pro plasmid: (1) SYP22 coding sequence and the NOS terminator, (2) ARA7-DN and the 35S terminator, (3) the PIN1 genomic region fused to GFP, and (4) the PIN1 genomic region containing two substitutions (S337D and T340D) fused to GFP. The following clones were generated: (1) ProPIN1:SYP22, (2) ProPIN1:ARA7-DN, (3) PIN1-WT, and (4) PIN1-Asp, respectively. Subsequently, each entry clone was introduced into the binary vector FAST-G01 using the LR reaction. Each construct was introduced into Agrobacterium tumefaciens, and plants were subsequently infected with these bacteria using the floral dip method (Clough and Bent, 1998) . T1 seeds were selected on medium containing 10 mg/L BASTA or 25 mg/L hygromycin B or 100 mg/L kanamycin. Primer sets used are presented in Supplemental Table 2 . ProPIN1:SYP22 was introduced into syp22-4 background. ProEstro:ARA7-DN, ProPIN1:ARA7-DN, PIN1-WT, and PIN1-Asp were introduced into the wild-type background. Crosses were performed to generate syp22-4 MYR001:GUS and syp22-4 vti11/+ MYR001:GUS. Each of ProTGG2:VENUS-2sc and ProFAMA:GUS was introduced in to syp22-4 by Agrobacterium-mediated transformation.
RT-PCR
We prepared total RNA from wild-type and mutant plants at 21 DAG using an RNeasy plant mini kit (Qiagen). After DNase I (Invitrogen) treatment, reverse transcription was performed using a SuperScript First-Strand Synthesis System for RT-PCR (Invitrogen) with an oligo(dT)12-18 primer (Invitrogen). Quantitative RT-PCR was performed using a gene-specific primer set (FAMA, At02279294_g1; TGG1, At02185835_g1; Actin2, At02335270_gH; Applied Biosystems) and a TaqMan Gene Expression Assay Kit (Applied Biosystems) in a 7500 Real-Time PCR system (Applied Biosystems). The relative quantity of target mRNA was calculated using Actin2 as a control.
GUS Staining
Samples were first placed into ice-cold acetone for 15 min and then into GUS staining solution containing 0.5 mg/mL X-Gluc, 0.1 M sodium phosphate buffer, pH 7.0, 10 mM EDTA, 0.5 mM potassium ferricyanide, 0.5 to 5 mM potassium ferrocyanide, and 0.1% Triton X-100. Samples in the GUS staining solution were placed under a vacuum and incubated at room temperature for 12 to 24 h.
Histological Analysis
After GUS staining of 19-d-old rosette leaves, samples were fixed in ethanol:water:acetic acid:formalin = 50:35:5:10, dehydrated in a graded ethanol series, and embedded in Technovit 7100 resin according to the manufacturer's instructions. Sections of 3 to 5 mm were cut using a microtome and then counterstained using Toluidine Blue O.
Coomassie Blue Staining
Rosette leaves were harvested from 12-d-old plants of the indicated genotypes. The leaves were stained using Coomassie Brilliant Blue, as previously described .
Analysis of Vein Pattern
Leaves were made transparent by overnight incubation in a chloral hydrate solution (chloral hydrate:water:glycerol, 8:2:1 [w/v/v]) followed by incubation in 60% glycerol. The leaves were mounted onto a glass slide and inspected with a dark-field illumination microscope (model MVX10; Olympus).
SDS-PAGE and Immunoblot Analysis
SDS-PAGE and immunoblot analyses were performed as previously described (Shimada et al., 2003) . The antibody used was anti-TGG1 (diluted 5000-fold) .
Staining with FM4-64
FM4-64 staining and observations were performed as previously described (Teh et al., 2013) . The roots of intact seedlings were incubated in 5 mM FM4-64 solution for 1 min and washed in water. After 6 min, fluorescent images of FM4-64 staining were taken with a confocal laser scanning microscope.
Confocal Laser Scanning Microscopy
Fluorescence micrographs (except Figure 6 ) were obtained with a confocal laser scanning microscope (LSM510 META; Carl Zeiss) equipped with a water immersion objective (633 1.20 numerical aperture [NA] ) and dry objectives (403 0.95 NA, 203 0.80 NA, 103 0.50 NA). The wavelengths of lasers that were employed include 488 nm (GFP and Venus) and 543 nm (mRFP and FM4-64). The images were analyzed using LSM image-examiner software (Carl Zeiss). Polarized localization of PIN1-GFP ( Figure 6 ) was inspected with a fluorescence microscope (Axio Observer.Z1; Carl Zeiss) equipped with a confocal scanner unit (CSU-X1; Yokogawa Electric) and the 488-nm laser unit (Andor Technology). Fluorescent images of PIN1-GFP were collected by an EM-CCD camera (iXon3; Andor Technology) with a 403 0.75-NA objective using Andor iQ software, version 2.8 (Andor Technology), and processed using ImageJ and Photoshop software (Adobe Systems).
Accession Numbers
Sequence data and mutants from this article can be found in the Arabidopsis Genome Initiative database under the following accession numbers: TGG1 (At5g26000), TGG2 (At5g25980), SYP22 (At5g46860), FAMA (At3g24140), VTI11 (At5g39510), VPS9A (At3g19770), ARA7 (At4g19640), RHA1 (At5g45130), PIN1 (At1g73590), SYP21 (At5g16830), SYP23 (At4g17730), VSR1 (At3g52850), MAG1 (At3g47810), MAG2 (At3g47700), VPS35A (At2g17790), VPS35B (At1g75850), VPS35C (At3g51310), GFS10 (At4g35870), VTI12 (At1g26670), AP2M (At5g46630), ACT2 (At3g18780), syp22-3 (CS68716), syp22-4 (CS68717), syp22-3 vti11 (CS68722), and syp22-4 vti11/+ (CS68723).
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